One of the first reports of cardiac ultrasound imaging occurred in 1954 by Elder and Hertz. They described the use of ultrasound imaging for displaying continuous recording of movement of heart walls. This was displayed by the use of Amode and B-mode methods. In the late 1950s, continuous-wave Doppler was used in cardiac imaging. By the late 1960s, two-dimensional real-time B-mode imaging was performed using mechanical head transducers. In the mid-1970s, phased array transducers were being utilized. Also in the late 1970s, transesophageal echo was being tested. The 1980s have seen advances in computer technology that have made color flow Doppler imaging possible, along with better image quality through scan conversion and image processing. In the 1990s developing techniques included stress echocardiography, intravascular ultrasound, contrast echocardiography, digital acquisition, second harmonic imaging, ultrasonic tissue characterization, and three-dimensional echocardiography. More recently, echocardiography has seen advances in realtime 3D imaging, handheld echocardiography, and myocardial perfusion. Advances in technology, along with improved understanding of the equipment, have made the availability and demand of echocardiography invaluable.
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Aortic and Pulmonic Stenosis
Valvular lesions can result from either acquired diseases, such as rheumatic or calcific/degenerative disease, or be a component of a congenital defect. For the purposes of this article, we will deal first with aortic stenosis and then with pulmonic stenosis. M-mode and two-dimensional patterns of stenosis will be reviewed, as will the general quantification of valve gradients using Doppler techniques. Specific Doppler quantification will be covered in another chapter. Stenosis can be classified as valvular or nonvalvular. Nonvalvular stenosis is either subvalvular or supravalvular. Subvalvular stenoses may be caused by fixed anatomic structures such as an aortic membrane or infundibular stenosis of the pulmonic valve. It may also be a dynamic stenosis, as is commonly seen in a hypertrophic obstructive cardiomyopathy.
AORTIC VALVE STENOSIS
The most common obstruction to left ventricular outflow occurs with valvular aortic stenosis. The most common adult etiologies include calcific/degenerative, with the pathophysiology of calcific aortic stenosis being leaflet thickening with commissural fusion. There is obstruction to blood flow, which often results in ventricular pressure overload and resultant hypertrophy. Congenital aortic stenosis, which may be due to a bicuspid valve, demonstrates tethering of the valve leaflets without calcification, progressing to calcification of the leaflets with advanced age. Complications of aortic stenosis include myocardial ischemia, increased ventricular end-diastolic pressure, and sudden death. 2 The patient may have symptoms of congestive heart failure or chest pain and is at higher risk for bacterial endocarditis. Echocardiographic technique is important when evaluating leaflet thickening. Excess gain will increase reverberations and decrease resolution.
M-mode. M-mode echocardiography displays thickening of the aortic valve leaflets as multiple reverberations seen within the aortic root and decreased aortic valve opening. It is important to scan back and forth across the aortic valve in order to ensure that no one single leaflet opens to the edge of the root. Systolic left ventricle (LV) pressure overload secondary to obstruction results in hypertrophy of the left ventricular walls. Because of the multiple reverberations within the aortic root, M-mode echocardiography is a poor way of assessing the severity of aortic stenosis. A congenital bicuspid aortic valve will often display eccentric closure on the M-mode tracing. Figure 1 is an example of a bicuspid aortic valve with an eccentric closure line during diastole. However, up to 25% of patients with a bicuspid valve have a normal closure index.
Two-dimensional. With the advent of twodimensional echocardiography and its ability to enhance spatial orientation, more information about valve anatomy is available. Two-dimensional echocardiography allows better definition of the areas of calcification within the valve apparatus. 3 Frequently, it is possible to identify the number of aortic leaflets and determine if there is tethering and subsequent doming of the aortic valve as seen with congenital aortic stenosis. As with M-mode, it is important to sweep both medial and lateral in the long-axis view to determine maximum cusp separation. At times, patients with severe, calcified aortic stenosis will have no movement seen by either M-mode or two-dimensional echocardiography. Success in planimetering of the aortic valve area is limited using transthoracic echocardiography and is more accurately performed with transesophageal echocardiography. Figure 2 is an example of a two-dimensional long axis of the heart, showing severe left ventricular hypertrophy and a thickened aortic valve. A measurement of the left ventricular outflow tract diameter is necessary in the parasternal long axis for quantification of the aortic valve area using the continuity equation.
Doppler. Continuous-wave Doppler provides the ability to predict the instantaneous peak gradient across stenotic valves. M-mode and twodimensional echocardiography can describe the anatomic configuration of valves but cannot measure the hemodynamics. Doppler evaluation of aortic stenosis requires recording an increase in the velocity of flow across the valve. Increased velocity is best measured utilizing continuouswave Doppler. Blood flow velocity through the aortic valve in the normal adult is usually less than 1.8 m/sec. Figure 3 is an example of continuouswave Doppler showing moderate aortic stenosis. With an increase in the valvular gradient, this velocity may reach up to 5 m/sec. Aortic stenosis Doppler profiles are typically parabolic with a midpeaking gradient. Dynamic obstructions are seen as dagger shaped with a late peaking velocity waveform.
Doppler quantification. Quantifying aortic valve gradients is a technically challenging Doppler exam. One method uses the continuity of flow equation and results in an estimation of valve area. 4 To obtain an accurate peak velocity, the Doppler angle must be within 20 degrees of parallel to blood flow. Aortic valve area is calculated as the flow through the left ventricular outflow tract (LVOT area × LVOT TVI [time velocity integral] measured from pulsed wave) divided by the flow through the aortic valve (AV TVI measured with continuous wave). Figure 4 shows the correct position of the continuous Doppler cursor parallel to the flow through the aortic valve. Patients with deformed aortic valves and small orifices present a difficult problem in accessing jets. The operator must not assume that because the walls of a vessel are visualized, blood flow is moving parallel to the walls. Utilization of numerous acoustic windows is necessary to accurately line up the ultrasound beam with the jet. These windows include apical, suprasternal notch, right sternal border, and subcostal imaging. Once the peak velocity has been determined, it is then possible to use the Bernoulli equation to estimate the valvular gradient.
Aortic valve area. Patients with acquired aortic stenosis are thought to have a fixed orifice. Consequently, the estimation of the severity of their stenosis based solely on the peak velocity profile can be misleading. The velocity of flow across a fixed orifice is dependent on the cardiac output. High output states such as those that occur in aortic insufficiency may cause an increase in aortic velocity that does not correspond to the degree of stenosis. In patients with poor cardiac output secondary to decreased left ventricular function, the severity of aortic stenosis may be underestimated. Therefore, a preferred expression of the severity of stenosis is the valve orifice size. Aortic valve area in the normal adult is 2.6 to 3.5 cm 2 , with severe stenosis resulting in a valve area of less than 1 cm 2 . Using the continuity of flow equation, one can accurately assess the valve area. This equation assumes that the volume of blood is the same before and after the stenotic area.
SUBVALVULAR AORTIC STENOSIS
Subvalvular aortic stenosis can vary anatomically from a thin membrane below the aortic valve to a substantial fibromuscular ring encircling the left ventricular outflow tract. The thicker the obstructive membrane is, the easier its detection by M-mode or two-dimensional echocardiography.
M-mode. On M-mode echocardiography, there is a characteristic early systolic partial closure of the aortic leaflets. Rapid oscillations throughout the rest of systole secondary to restriction of flow through the membrane cause incomplete opening of the aortic valve.
Two-dimensional. Two-dimensional echocardiography requires parasternal long axis, an apical three-and five-chamber view with proper gain settings to display the obstructing membrane. As is the case with aortic valvular stenosis, left ventricular hypertrophy is usually present.
Doppler. Doppler echocardiography is an ideal method for the detection and localization of these membranes. In pulsed-wave Doppler, moving the sample volume from a position low in the apex toward the left ventricular outflow tract allows visualization of both an abrupt increase in velocity and a change from laminar to turbulent flow at the site of the obstruction. Peak velocity and gradient across the obstruction should be obtained using continuous-wave Doppler. Color flow Doppler is useful in locating the area of stenosis with turbulent flow.
HYPERTROPHIC OBSTRUCTIVE CARDIOMYOPATHY
Dynamic obstruction to left ventricular outflow is usually characterized by an abnormally thick-ened interventricular septum and anterior movement of the mitral apparatus in systole. Although this thickening most commonly affects the interventricular septum, the area of hypertrophy can involve the entire myocardium. 5 Thickening of the myocardium results in a decrease in left ventricular cavity size and diastolic dysfunction.
M-mode. M-mode echocardiography is ideal for assessing systolic anterior motion (SAM) of the mitral valve and for detecting corresponding midsystolic closure of the aortic valve. Aortic valve preclosure is due to a decrease in blood flow out of the left ventricle at peak obstruction. The obstruction is created during systole with movement of the mitral apparatus toward the septum, obliterating the flow of blood out of the aorta. There is a correlation between the duration of contact between the mitral apparatus and the septum and the severity of the gradient. The longer the contact, the higher the subsequent gradient. Figure 5 shows an example of SAM on M-mode. The leaflets of the mitral valve are drawn toward the septum in systole. Two-dimensional. Two-dimensional echocardiography is an excellent technique for the detection of hypertrophic obstructive cardiomyopathies. The area of hypertrophied muscle is easily defined in most patients as either concentric (including the complete left ventricle) or isolated (to the ventricular septum or apex). In the parasternal long-axis and apical views, the systolic anterior motion of the mitral valve can be visualized. In the parasternal shortaxis view, the precise point of the obstruction where the mitral valve comes in contact with the septum can often be seen and may aid the surgeon in performing a septal myectomy.
Doppler. As with subvalvular membranes, pulsed and color flow Doppler echocardiography can detect the area of increased velocity and turbulence when moving the sample volume along the left ventricular outflow tract. The high velocities encountered in this disease necessitate the use of continuous-wave Doppler for an accurate peak velocity recording. In patients without clear-cut systolic anterior motion and only a mild increase in velocity, support for a diagnosis of hypertrophic obstructive cardiomyopathy can be obtained by amyl nitrite inhalation or by having the patient perform a Valsalva maneuver. It is best to use continuous-wave Doppler at these times to record an increase in gradient. 
PULMONIC STENOSIS
Obstruction to right ventricular outflow may also be subvalvular, valvular, or supravalvular. Stenosis of the right ventricular outflow tract is usually a congenital abnormality. Although possible, it is exceedingly rare to have rheumatic pulmonary stenosis. Other cardiac anomalies may exist along with pulmonary artery stenosis. These include valvular pulmonic stenosis, atrial septal defect, ventricular septal defect, patent ductus arteriosus, and tetralogy of Fallot. A consequence of any form of pulmonic stenosis is an increase in resistance to right ventricular outflow. Unless there is an associated ventricular septal defect with a right-to-left shunt, cyanosis is usually not present.
Subvalvular. Subvalvular pulmonic stenosis can be either infundibular or, less commonly, subinfundibular. With infundibular obstruction to right ventricular outflow, there is usually no poststenotic dilatation of the pulmonary artery. Obstruction can be caused by either a localized narrowing of the outflow tract or by hypertrophy of normal infundibular muscle. Subvalvular pulmonic stenosis is commonly associated with a ventricular septal defect, so a careful examination of the ventricular septum is warranted.
Valvular. Thickening and tethering of the pulmonary valve characterize valvular pulmonic stenosis. Poststenotic dilatation of the pulmonary trunk is often found, and there may be associated dilatation of the left pulmonary artery but not the right.
Supravalvular. Supravalvular pulmonic stenosis is a narrowing of the pulmonary trunk, at the right and left pulmonary arteries or in the distal peripheral branches. Stenosis of the pulmonary arteries and its branches may be bilateral or unilateral. There may occasionally be a membranous obstruction immediately above the pulmonic valve.
M-mode. There has been much discussion concerning the diagnosis of pulmonic valvular stenosis using M-mode criteria. Diagnostic criteria include an increase in the "a" dip of more than 7 mm. While this is usually true for severe valvular pulmonic stenosis, the "a" wave criteria are not reliable in cases of mild to moderate stenosis. Two-dimensional. Two-dimensional echocardiography allows better visualization of the pulmonic valve and may show doming of the valve during systole and dilatation of the pulmonary artery. In subvalvular or supravalvular stenosis, the area of narrowing is often visualized.
Doppler. Doppler echocardiography is very effective in the detection and quantification of right ventricular outflow obstruction. The Doppler examination is best performed from the high parasternal short-axis view or the subcostal window. Using pulsed-wave Doppler, the sample volume is moved from the infundibular area through the pulmonic valve and out into the pulmonary arteries, to localize the area of stenosis. In moderate to severe stenosis, the higher velocities may necessitate a continuous-wave examination and quantification of the pulmonary valve area using the continuity equation. Although the detection of isolated right or left pulmonary artery stenosis is possible with pulsed Doppler, it is very difficult to visualize distal peripheral pulmonary artery stenosis. Color flow Doppler may show increased turbulence in the area of stenosis.
Mitral and Tricuspid Stenosis

MITRAL STENOSIS
The most common etiology of mitral stenosis is rheumatic in nature but may also be due to mitral annular calcification, congenital malformations, or tumor obstruction. Obstruction to left ventricular inflow across the mitral orifice is usually caused by adhesions between the two mitral leaflets. Tethering of the leaflet tips and possible fibrosis of the chordae tendineae can also add to the obstruction of blood flow. Although there is some loss of mobility to the body of the mitral leaflets, rheumatic mitral stenosis is a disease of the leaflet tips. When trying to evaluate the orifice size on twodimensional echocardiography, it is imperative that the ultrasound beam be directed out at the tips of the leaflets. Obstruction to flow across the mitral valve results in an elevation of the left atrial pressure, which is transmitted to the pulmonary veins and capillaries and later results in left atrial enlargement.
M-mode. The manifestations of mitral stenosis on M-mode echocardiography are marked thickening and a reduction in motion of the valve leaflets. The posterior mitral leaflet moves in an anterior direction due to the tethering of the leaflet tips.
Two-dimensional. Typical rheumatic mitral stenosis results in tethered valve tips with valve doming into a "hockey stick" appearance. Twodimensional echocardiography, with its ability to examine the entire mitral orifice, offers a means of using planimetery to evaluate the mitral orifice. The proper technique is very important in obtaining the true orifice. 6 A short-axis view of the left ventricle at the level of the tips of the mitral valve is obtained. The highest frequency transducer possible should be used and gain settings reduced to eliminate reverberations produced by the thickened leaflet tips. Remember that the mitral orifice is usually irregular in shape; therefore, multiple attempts to resolve the smallest size may be needed. Normally, the mitral orifice is 4 to 5 cm 2 . Significant stenosis occurs when the orifice is less than 1 cm 2 . In patients with pure mitral stenosis, the left ventricle is usually normal in size and contractility. 7 Left atrial size is usually enlarged, and the presence of left atrial thrombi should be ruled out. Due to the increased pressures on the right side, pulmonary hypertension might develop with associated right ventricular and right atrial enlargement. Patients should always be evaluated for the presence of tricuspid regurgitation in order to estimate right ventricular systolic pressure (RVSP).
Doppler. Mitral valve area is more accurately measured using Doppler, and the quantification of the degree of mitral stenosis is necessary. As with aortic stenosis, the pressure gradient across the mitral valve can be obtained using either pulsed Doppler (if velocity does not exceed the Nyquist limit) but more accurately using continuous-wave Doppler for maximal peak velocities and gradients. Using the apical window, the jet of mitral stenosis is easily interrogated using either Doppler technique. Although a mitral valve gradient can be calculated using the Bernoulli equation, changes in heart rate and cardiac output may decrease the sensitivity of the mitral valve pressure gradient.
Doppler pressure half-time divided by 220 is a better method for estimating mitral valve area using Doppler. 8 Additionally, mean and peak gradients should be quantitated by tracing the time velocity integral of the mitral waveform.
Color flow Doppler. The jets of mitral stenosis are easily identified using Doppler color flow imaging techniques. However, it is not possible at this time to quantitate the severity of obstruction using color Doppler. Imaged from the apex, the jet of mitral stenosis is characterized by a typical candle flame appearance with an area of color (either red or blue usually) coming from the mitral orifice, which has a center core of the opposite color representing aliased flow. Seeing the direction of the mitral stenosis jet allows the operator to align the continuous-wave cursor in an orientation parallel to the jet, thus obtaining the maximum velocity.
TRICUSPID STENOSIS
Rheumatic tricuspid stenosis is an unusual but clinically important finding. The clinical signs are usually masked by associated mitral stenosis. With the lower pressures on the right side of the heart, significant tricuspid stenosis can produce very low transvalvular pressure gradients. This can make the diagnosis at catheterization very difficult even if the disease is suspected in advance. With congenital tricuspid stenosis, an increase in jugular venous pressure, ascities, or a diastolic murmur that usually varies with respiration may be present.
M-mode. M-mode echocardiography will show a tricuspid valve with increased leaflet thickening, decreased mobility, and reduced F-F slope. Paradoxical motion of the posterior leaflet is rarely detected by M-mode.
Two-dimensional. Two-dimensional echocardiography is much better for visualization of the tethering and doming of the leaflets in patients with rheumatic stenosis. Due to the configuration and cardiac position of the tricuspid valve, a clear visualization of the tricuspid orifice is usually not easily obtained. Therefore, planimetry of the tricuspid valve is not very accurate.
Doppler. Doppler echocardiography is very useful for the detection of both turbulence and increased velocity of flow through the tricuspid orifice. It is useful to obtain valve areas and a mean and peak Doppler gradient across the valve, similar to methods used for mitral stenosis evaluation.
Color flow Doppler. Color flow examination of tricuspid stenosis is similar to that of mitral stenosis, except because of the lower pressure gradients on the right side, the center core of aliased flow may not be as readily identified. Since the diagnosis of tricuspid stenosis is sometimes easy to miss using M-mode, two-dimensional, or conventional Doppler methods, color flow Doppler may be particularly useful in identifying this pathological state.
Valvular Regurgitation
Valvular regurgitation or insufficiency is defined as the presence of backward, or retrograde, flow across a closed cardiac valve. Retrograde flow usually results in the creation of turbulence and an increase in velocity. Although there are some specific signs on 2D echocardiography that aid in the diagnosis of valvular regurgitation, the presence and severity of valvular regurgitation is better determined using Doppler interrogation. 9 Color flow Doppler has greatly simplified the detection and quantification of these regurgitant jets. The quantification of valvular regurgitation requires determination of the blood volume that is regurgitated into the cardiac chamber. The best assessment of the degree of regurgitation is accomplished by utilizing multiple windows with a variety of techniques. The larger the jet size, the more significant the regurgitation. Continuous-wave Doppler must be used to obtain complete velocity profiles to aid in the characterization of severity. Additional quantitative methods that may be used include regurgitant fraction, regurgitant volume, and proximal isovelocity surface area.
AORTIC REGURGITATION
Aortic regurgitation or insufficiency (AI) is movement of blood from the aorta into the left ventricle during diastole. Regurgitation may occur from damage to the valve leaflets, dilatation of the aortic valve ring, or damage to the ascending aorta. These abnormalities can be caused by rheumatic fever, congenital bicuspid valve, Marfan's syn-drome, bacterial endocarditis, aortic dissection, calcific aortic stenosis, ruptured sinus of Valsalva, and other less common reasons. Aortic regurgitation results in a volume overload on the left ventricle. In order to maintain proper cardiac output and peripheral organ perfusion, the stroke volume of the left ventricle will increase.
M-mode. M-mode echocardiography, with its higher sampling rate, is much better than twodimensional imaging for identifying the highfrequency fluttering on the anterior mitral valve leaflet or septum caused by aortic regurgitant jets. However, with the advent of color flow and pulsedwave Doppler, this is no longer a commonly used means for detecting AI. M-mode is valuable to help assess for the severity of AI by looking for premature closure of the mitral valve. Left ventricular M-mode is also helpful in assessing left ventricular dimensions that may become enlarged in chronic aortic insufficiency. In cases of acute, severe regurgitation such as in cases of a ruptured aortic valve leaflet, premature closure of the mitral valve may be seen.
Two-dimensional. Echocardiographically, the signs of aortic regurgitation include volume overload of the left ventricle (dilated and hypercontractile) and a rapid fluttering of the anterior mitral valve leaflet or the interventricular septum. The detection of an abnormality of the aortic root or valve is usually found in combination with these signs.
Doppler. Doppler echocardiography is a very sensitive technique for the detection of aortic regurgitation. 10 For the interrogation of the regurgitant jet back into the left ventricle, the apical window is best. This view aligns the continuous-wave cursor parallel to most aortic regurgitant jets. The high gradient that normally exists in diastole between the aorta and left ventricle is reflected in the high-velocity waveform seen in aortic insufficiency. Continuous-wave Doppler is able to record the full-velocity profile of aortic regurgitation, which is usually in the 3-to 4m/sec range. 11 This is demonstrated in Figure 6 . The velocity information alone does not help in the quantification of the severity of regurgitation, but the rate of diastolic descent of the regurgitant spectral trace does help estimate the degree of severity. In mild aortic regurgitation, the slope of the AI spectral waveform is flat due to the consistent gradient between the aorta and left ventricle that exists throughout diastole. Conversely, in severe acute aortic regurgitation, the pressures between the aorta and the left ventricle will equalize toward the end of diastole, resulting in a dramatic decrease in end-diastolic velocity and a steep Doppler velocity profile. 12 Pressure half-time, or the slope, can be measured for additional quantification. Pulsed-wave Doppler in the descending thoracic aorta from the suprasternal notch, or abdominal aorta from subcostal, should be used to additionally assess severity. Holodiastolic flow reversals in the aortic indicate severe AI.
Color flow Doppler. Since a regurgitant jet is turbulent, a mosaic of colors in the left ventricular outflow tract during diastole will be present. Imaging of these jets may be accomplished in the parasternal, apical, and subcostal windows. In patients with combined mitral stenosis and aortic regurgitation, pulsed Doppler is sometimes difficult to perform since the two jets may merge at the mid-ventricular level. Color flow Doppler usually displays aortic regurgitation as a mosaic and mitral stenosis as a laminar jet with a center core of aliased flow. In the parasternal long axis, a measurement greater than the width can provide a quantitative measurement of severity.
MITRAL REGURGITATION
Competency of the mitral valve depends upon the integrity of the valve leaflets, the chordae tendineae, size and function of the mitral annulus, contraction of the papillary muscles, and function of the left ventricular muscle. Mitral regurgitation (MR) will result if there is damage to any one of these structures. Etiologies of mitral regurgitation include rheumatic fever, endocarditis, congenital cleft mitral valve, mitral valve prolapse, papillary muscle dysfunction, chordae tendineae rupture, calcification of the mitral annulus, and left ventricular dilatation. Severe, acute mitral regurgitation results in marked elevation of left atrial and pulmonary venous pressure, causing pulmonary edema. In the case of papillary muscle ischemia, mitral regurgitation may be intermittent. Chronic mitral regurgitation leads to marked dilatation of the left atrium, protecting the pulmonary bed from high pressures.
Two-dimensional. While 2D echocardiography does not provide direct evidence of the presence of mitral regurgitation, it can help in the assessment of the etiology of this pathology. Mitral valve anatomy such as prolapse or flail leaflet may be readily detected using two-dimensional imaging. The left atrium and left ventricle can be checked for evidence of enlargement or hyperdynamic movement indicating volume overload.
Doppler. Using the apical window, color Doppler echocardiography is helpful in locating the systolic turbulence in the left atrium due to mitral regurgitation. 13 Quantification of the degree of mitral regurgitation is based on several factors, including the area of the regurgitant jet. Since the normal gradient between the left atrium and left ventricle results in a high-velocity systolic jet, the continuous Doppler tracing will be greater than 4 to 5 m/sec. The volume of regurgitant flow can be quantitated using regurgitant fraction, regurgitant volume, and the proximal isovelocity surface area.
Color flow Doppler. Color flow Doppler detection of mitral regurgitation in most patients can be detected from any window in which the mitral valve is well visualized. In general, the larger the jet, the more severe the regurgitation. The width of the mitral regurgitation jet at the opening of the mitral valve from the parasternal long axis may also be used to grade severity.
Mitral valve prolapse. Mitral valve prolapse exists when one or both of the leaflets protrude into the left atrium in systole. Prolapse is diagnosed from the parasternal long axis by assessing how far past the annular plane into the left atrium the leaflets prolapse. Mitral valve prolapse may involve either or both the anterior and posterior leaflets and may occur during a portion or all of systole. Mitral valve prolapse ranges from mild buckling in systole to true myxomatous degeneration of the valve, resulting in thickened and redundant leaflets on the echocardiogram. The lack of normal coaptation may result in regurgitation. Mitral valve prolapse is also seen when a valve has lost some of its support apparatus such as ruptured chordae tendineae or dysfunction of the papillary muscles. In these cases, there are usually no myxomatous changes in the valve leaflet itself, and the regurgitation can range from mild to severe. Rupture of one of the papillary muscles can lead to a flail mitral leaflet and severe mitral regurgitation.
TRICUSPID REGURGITATION
Trivial or mild tricuspid regurgitation (TR) may often be detected in normal patients. Other causes include endocarditis, abnormalities of the valve itself such as Ebstein's anomaly, rheumatic fever, prolapse, and a functional regurgitation from dilatation of the right ventricle, as seen in congestive cardiomyopathies. The primary manifestation of moderate to severe tricuspid regurgitation is right atrial and ventricular volume overload. This results in enlargement of the right ventricle and may produce paradoxical interventricular septal motion. In addition, there may be displacement of the ventricular septum toward the LV from either a pressure or volume overload of the right side.
Doppler. Detection of tricuspid regurgitation using Doppler echocardiography is possible from apical, parasternal, and subcostal windows. Quantification is identical to that of mitral regurgitation (i.e., continuous-wave velocity assessment). Continuous-wave spectral tracings show a similar systolic profile from the apex as for mitral regurgitation, although in the absence of high right-sided pressures, the peak velocity will be less (2-3 m/sec). With the Bernoulli equation, it is possible to estimate right ventricular systolic pressure by knowing the velocity of the tricuspid regurgitant jet and adding estimated right atrial pressure.
PULMONARY INSUFFICIENCY
Trivial or mild pulmonary insufficiency (PI) may often be detected in normal patients. Other causes of pulmonary insufficiency are pulmonary hypertension, endocarditis, valvular pulmonic stenosis, or regurgitation resulting from a dilated right ventricle. Severe pulmonary regurgitation results in a volume overload to the right ventricle, indicated on a 2D echocardiogram by enlargement of the right ventricle and paradoxical septal motion. This is similar to what was previously described for tricuspid regurgitation. Fluttering of the tricuspid valve secondary to pulmonary insufficiency is rarely seen.
Doppler. The detection of pulmonary insufficiency is made using any one of the Doppler techniques from the left parasternal window. It is also possible to see this diastolic disturbance from the apical window in some patients. Its configuration is similar to that of aortic insufficiency, although the velocity is usually only 1.2 m/sec due to the lower right-sided pressures. This can change in patients with pulmonary hypertension where velocities may reach 3 to 4 m/sec.
Endocarditis
Patients with infection of the cardiac endothelium or prosthetic valves of the heart have endocarditis. Fever is the most common symptom in patients with endocarditis. The formation of an abscess in the valve ring or annulus can occur in any patient but is especially prevalent in those with infected prosthetic valves. Any number of microorganisms can cause bacterial endocarditis, although there are a few strains that are predominantly involved in the infection of native valves. These include staphylococcus, gonococcus, and streptococcus. Infection occurs most commonly on the mitral valve, followed by the aortic, tricuspid, and pulmonary valves. Patients who are IV drug abusers are prone to develop infection with Staphylococcus aureus, particularly on the tricuspid valve. The term acute bacterial endocarditis is applied to infections of previously normal heart valves when the duration of illness is less than six weeks. Infections of valves previously damaged by rheumatic fever or congenitally altered valves usually have a more progressive infectious process. This is commonly referred to as subacute bacterial endocarditis. The bacteria most commonly associated with subacute endocarditis have surface antigens that allow them to adhere preferentially to endothelial cells.
M-mode. Small vegetations are sometimes difficult to diagnose and may be confused with redundant valve tissue or chordae tendineae. The presence of pedunculated vegetation usually implies a higher risk for embolism and patient morbidity. The M-mode echocardiogram may demonstrate thickening of the infected valve, a shaggy-appearing mass, and normal leaflet mobility.
Two-dimensional. Two-dimensional echocardiography, with its increased ability to see the spatial relationship of valves, is a more sensitive technique for the detection of vegetations. 14 Vegetations vary in size and may persist even after the successful conclusion of antibiotic treatment.
Doppler. Investigating infected cardiac valves using Doppler echocardiography may result in the detection of valvular regurgitation. In patients with large, pedunculated lesions, there may be multiple "clicks" and "pops" heard through the audio channels and seen on the spectral trace. These represent movement of the mass through the Doppler beam. Color flow Doppler is an excellent technique for the detection and quantification of native valve regurgitation resulting from endocarditis.
Prosthetic Valves
Echocardiography can provide a method of assessing the function or dysfunction of prosthetic cardiac valves but is limited by the metal or plastic makeup of the prosthesis. Because of this, transesophageal echocardiography is a more sensitive method to evaluate prosthetic valve function.
M-mode. Since the ultrasound waves sent through these valves are absorbed or altered, only the anterior border of the valves can be accurately identified. Figure 7 shows an M-mode of a prosthetic mitral valve, visualizing movement of the anterior portion of the valve.
Two-dimensional. Two-dimensional echocardiography is a better means of assessing the stability of prosthetic valves than M-mode echocardiography. Valves that exhibit excessive rocking may be dehisced. Obstruction of proper cusp movement or restenosis of tissue heterografts is sometimes harder to diagnose. Small vegetations or clots around the suturing ring producing abnormal opening or closing can be sometimes hidden in the reverberations.
Doppler. Doppler echocardiography has been shown useful in the evaluation of regurgitation from prosthetic valves in the aortic position. The use of color flow Doppler can sometimes delineate the area of regurgitation and distinguish leaks between the prosthesis itself or from around the sewing ring. Evaluating the degree of stenosis of a prosthetic valve is difficult but necessary. The velocity obtained with continuous-wave Doppler will vary depending upon cardiac output, type of valve used, and size of the valve. It is recommended that every patient receiving a new valve have a baseline echo and Doppler study before leaving the hospital. This will provide important comparison information in the event that they have clinical problems at a later date. It is more difficult to assess the amount of regurgitation from valves in the tricuspid or mitral position since the valve sits between the transducer and the chamber into which the regurgitant jet is directed. The high attenuation of the ultrasound beam caused by these prosthetic valves creates a "masking" effect and thus may make the determination of the presence or absence of regurgitation difficult. Transesophageal echocardiography is a better technique in the evaluation of mitral prosthetic valves. The probe is posterior to the atria, which allows for better visualization of mitral and tricuspid regurgitation.
Cardiomyopathies
Cardiomyopathy means disease of the heart muscle. It is also widely used to describe rare, specific heart muscle diseases that may arise secondary to disease elsewhere in the body. Cardiomyopathies are classified into three main types based on physiology and pathology. These are hypertrophic, with or without obstruction; congestive (dilated); and infiltrative (restrictive).
HYPERTROPHIC
The etiology of hypertrophic cardiomyopathy can be genetic or acquired (as in chronic hypertension). It is characterized by concentric or isolated left ventricular hypertrophy and a small cavity size. A systolic pressure gradient across the outflow tract of the left ventricle may be present. There is diastolic dysfunction caused by the stiff and greatly hypertrophied ventricle. Good systolic contractile function is usually present. Quantification of a dynamic left ventricular outflow tract gradient is necessary to determine if the cardiomyopathy is obstructive or nonobstructive.
CONGESTIVE
Marked ventricular dilatation and poor overall contractile function characterize congestive (dilated) cardiomyopathy. Common etiologies include ischemic, idiopathic, viral, or chemotherapyinduced abnormalities. Congestive cardiomyopathy has been reported to occur in the third trimester of pregnancy and in the immediate postpartum period. Alcoholic cardiomyopathies are usually related to a long history of drinking excessive alcohol. Congestive cardiomyopathies usually demonstrate, on both M-mode and twodimensional echocardiography, dilatation of both ventricles with poor contraction of the left ventricle. On M-mode, there is often a "B" notch on the atrial wave of the anterior mitral valve leaflet due to an increase in left ventricular end-diastolic pressure. A lack of motion of the aortic root and re-duced aortic cusps separation due to low cardiac output are also common. Two-dimensional echocardiography is especially helpful in the detection of thrombus formation and regional differences in wall motion patterns when there is a suspicion of an ischemic cardiomyopathy. The changing shape of the ventricles and atria in congestive cardiomyopathy usually results in valvular regurgitation. The mitral and tricuspid valves are most commonly affected, but regurgitation from all four cardiac valves may be present.
INFILTRATIVE
Infiltrative (restrictive) cardiomyopathies include diseases such as endomyocardial fibroelastosis (EMF), amyloidosis, and sarcoidosis. This type of cardiomyopathy is characterized by a restriction to diastolic filling with usually good systolic function. Amyloidosis is characterized by a thick-walled ventricle, a near normal-size LV chamber, and often the presence of a pericardial effusion. The combination of high collagen content in the myocardium and the disarray of myocardial muscle fibers tend to make the myocardium a bright reflector of ultrasound. This is sometimes referred to as a "ground glass" appearance of the myocardium. The interior dimension of the left ventricle in patients with amyloidosis is more normal in size, as opposed to a hypertrophic cardiomyopathy where the chamber is diminutive. Due to an increase in ventricular end-diastolic pressure, these patients have dilated atria.
Pericardial Disease
This section deals with the various manifestations of pericardial disease, which include pericardial effusion, constrictive pericarditis, and cardiac tamponade.
PERICARDIAL EFFUSION
A potential cavity exists between the visceral and parietal layers of the pericardium surrounding the heart. Normally, there is a small amount of fluid (20-30 cc) in this cavity acting as a lubricant for heart motion. Pericarditis is a term that can be applied to any alteration of the pericardium, whether or not it is an inflammatory or infectious process. This may include viral pericarditis, as well as uremic, malignant, or tuberculosis-induced pericarditis, or may be classified as acute, subacute, or chronic. Pericarditis may cause an effusion that can be readily detected using echocardiographic techniques. While it is possible to detect the presence of a pericardial effusion with M-mode, the extent and distribution of the fluid are much better assessed by two-dimensional echocardiography. This is especially true in patients following cardiac surgery where the presence of a loculated effusion is much higher. A small degree of pericardial fluid results in only a posterior echo-free space, while the presence of a large amount of fluid may result in posterior, anterior, and apical echo-free spaces. If the fluid has accumulated over a long period of time, it is possible that the pericardial cavity could hold over a liter of fluid. It must be remembered, in trying to assess the effectiveness of treatment and serially following the size of these large effusions, that changes in the amount of fluid in large effusions result in only a small change in the diameter. In malignant or effusive pericardial effusions, there are often multiple fibrin bands seen stretching between the epicardial surface of the heart and the pericardium. Figure 8 is a parasternal long-axis image of a large pericardial effusion, showing echofree space anterior to the right ventricle and posterior to the left ventricle.
CONSTRICTIVE PERICARDITIS
Chronic pericarditis can be caused by calcification and adhesions that restrict cardiac filling, requiring surgical removal of the pericardium. On M-mode, a rapid diastolic filling of the left ventricle with normal systolic function is seen. There may be mid-systolic flattening of the left ventricular posterior wall indicative of restriction to diastolic filling. Although these signs have been described as relating to constrictive pericarditis, they are not specific for this disease. Echocardiography is not able to accurately assess the thickness of the pericardium because of the decrease in resolution in the far field and the increase in reverberation whenever there is a highly reflective target such as the pericardium. Two-dimensional echocardiography may also be useful in the detection of a septal bounce caused by interventricular pressure dependence. Pulsed-wave Doppler evaluation is necessary of all valvular flow to detect respiratory changes seen in constrictive pericarditis.
CARDIAC TAMPONADE
Cardiac tamponade is the accumulation of enough pericardial fluid to increase intrapericardial pressures and impede cardiac filling. Severe tamponade most often occurs when a small volume of fluid rapidly enters the pericardial sac. This is often caused by infection, renal failure, myocardial infarction, malignancy, radiation, trauma, and perforation by catheters/guide wires, or it may be idiopathic in nature. Echocardiographically, criteria for diagnosing cardiac tamponade include respiratory changes in the pulsed-wave sampling of mitral and tricuspid inflow filling of the ventricles and collapse of the right ventricular and right atrial wall. Another sign of cardiac tamponade is impaired filling of the left ventricle during inspiration, as represented by pulsed-wave Doppler of the mitral valve, shown in Figure 9 . On inspiration, the mitral inflow pattern will decrease because the left ventricle has no room to expand. A significant change is thought to be a difference of 40% or more in the size of the Doppler velocity. The diagnosis of tamponade is primarily a clinical diagnosis.
Ischemia, Left Ventricle Function
MYOCARDIAL INFARCTION
The value of echocardiography in patients with myocardial infarctions lies in the assessment of left ventricular function and diagnosis of complications that may arise in ischemic patients. 15 Two-dimensional echocardiography is superior to M-mode echocardiography in the detection and localization of regional wall motion abnormalities. Echocardiography, especially two-dimensional, has proven to be useful in the evaluation of acute myocardial infarction or following treatment with thrombolytics, angiographic interventions, surgical repair, or other reperfusion techniques. Segmental analysis of wall motion and thickening should be visualized in all available imaging planes.
COMPLICATIONS FOLLOWING ACUTE MYOCARDIAL INFARCTIONS
Thrombi. The formation of mural thrombus occurring within a week following a myocardial infarction has been reported to be as high as 25%. These thrombi are most commonly found in the apex following an anterior myocardial infarction. A relatively small number of these patients have associated systemic emboli. Anticoagulation therapy is helpful in decreasing the size of these thrombi. Figure 10 is an apical four-chamber view showing multiple thrombi in the apex of the left ventricle.
Aneurysm. Left ventricular aneurysms occur in approximately 20% of acute myocardial infarctions. These can form in the apical, inferior, or posterior portions of the left ventricle and are characterized by a thinned and dyskinetic portion of the ventricular wall. By definition, an aneurysm refers to a surgically resectable area of dyskinesis. This is different from a generalized cardiomyopathy in which there is little area of preserved myocardial function.
Pseudoaneurysm. A rare complication of a transmural myocardial infarction is rupture of the ventricular muscle. The integrity of the ventricle is preserved by the pericardium. Classic echocardiographic signs of a pseudoaneurysm are that it usually involves the lateral or posterior wall and that there is a small discreet neck that balloons out into an area containing clot. There is a 30% rupture rate of pseudoaneurysms, necessitating surgical intervention. A large neck pseudoaneurysm may be difficult to distinguish from a true left ventricular aneurysm involving all layers of the myocardium.
Dressler's. Dressler's syndrome refers to a type of pericarditis associated with myocardial infarction. This syndrome usually manifests itself 10 days to 2 months after an acute infarction. A pericardial effusion is often associated, as is chest pain aggravated by inspiration, a change of position, or coughing. As with other pericardial effusions, echocardiography is an excellent means of detection.
Papillary muscle dysfunction. A patient who suffers an acute myocardial infarction and then develops a new systolic murmur should be closely examined for the presence of papillary muscle dysfunction, papillary muscle rupture, or ventricular septal defect. Papillary muscle dysfunction occurs most often, with inferior myocardial infarctions affecting the inferomedial papillary muscle. The mitral valve coaptation pattern may appear relatively normal, but there will be Doppler evidence of mitral regurgitation. Patients with extensive inferior myocardial infarctions in which the infarcted area includes one of the papillary muscles may develop a rupture of the papillary muscle, resulting in a flail mitral leaflet.
Ventricular septal defect. Rupture of the ventricular septum also produces a systolic murmur heard near the lower sternal border or the apex. Two-dimensional echocardiography is useful for documenting the location of large ventricular septal defects. Doppler echocardiography, especially color flow Doppler, is an excellent technique for the identification and localization of postmyocardial infarction and traumatic ventricular septal defects. Coronary arteries. With the increased resolution and scanning abilities of the newer echocardiographic equipment, the ability to see coronary arteries has been greatly improved. With color flow Doppler, it is now possible, in select patients, to see flow in portions of the coronary arteries. Detection of plaque buildup in the coronary arteries is still not feasible by echocardiography. There have been some reported cases of detection of left main coronary artery disease, but this diagnosis is beset with technical problems, making it an inaccurate means of assessment. Echocardiography is useful for the detection of coronary artery aneurysms due to Kawasaki's disease, a disease that usually affects young children.
